SUMMARY To establish the optimal conditions for recanalisation of obstructed arteries without damage to vessel walls, a Nd-YAG laser coupled to a 0.2 mm diameter optic fibre was used on obstructed human cadaver coronary and peripheral arteries and on popliteal arteries in amputated limbs. Vaporisation of atheromatous plaques was consistently obtained with an energy of 360-600 J and a diluted blood perfusate (3 g/100 ml haemoglobin) at a rate of 20 mi/ The arterial wall was protected from thermal injury by inserting the optic fibre into an inflated balloon catheter and by cooling the system with the perfusate. Since recanalisation of occluded arteries was consistently obtained without damage to the arterial wall or debris and thin and flexible optic fibres were easy to guide in the arteries, perutaneous transluminal Nd-YAG laser angioplasty was used in obstructed femoral and popliteal arteries in three patients.
Lasers have been widely used in the treatment of diseases in several areas of medical practice. This technique has not, however, yet been applied in diseases of the heart and blood vessels. Experimental studies have recently been undertaken to assess the efficacy of laser radiation for removing obstructions in test tubes,' in human cadaver arteries,2 or in animal arteries. 3 The obstructions were either thrombi or atheromatous plaques. The sources of laser that have been used comprised carbon dioxide, Nd-YAG (neodymium yttrium, aluminium, garnet), and mainly argon. 4 These studies concluded that atheromatous plaques and thrombi may be recanalised, but damage to the arterial wall often occurred.
Since the optimum conditions for successfully perforating obstructed arteries and avoiding injury to the arterial wall have not yet been determined, we carried out experimental studies with a Nd-YAG laser coupled to a fibreoptic system to establish the main suitable conditions required to relieve obstructions in arteries without perforating the arterial wall.5
Requests for reprints to During the procedure fluid was circulated in both the guiding and balloon catheters using a Transomega T4 pump. Experiments were achieved using: (a) blood (haemoglobin 15 g/dl); (b) saline; and (c) a mixture of blood and saline so that the haemoglobin concentration was 3 g/dl. The rate of perfusion was adjusted to 10, 20, and 50 m/min. Blood was filtered from the artery effluent through 8 and 3 ,um micropore filters.
The effects of laser emission were evaluated by gross inspection and microscopically; those in obstructed amputated limb arteries were assessed by repeat angiography. In intact occluded coronary artery segments the treatment was considered to be successful if the plaque was penetrated and a new lumen established. The diameter of holes was measured using a stereoscopic microscope (Wild Heerbrugg M8). Perforation was defined as a rupture through the entire thickness of the arterial wall.
After exposure to the laser, all tissue samples were fixed in 10% formaldehyde, dehydrated, and embedded in paraffin. Tissue 
EFFECT ON ATHEROMATOUS PLAQUES
The effects were dependent on the colour, thickness, density of tissue,6 power intensity, and duration of exposure to the laser as well as the composition and rate of the perfusion. With saline, no significant effects were observed. With blood, thermal injury occurred at the entry of the plaque but no perforation resulted. By contrast, with diluted blood (3 g/100 ml haemoglobin concentration) perfusion, perforation of the atheromatous plaque occurred (Fig. 1) . The most efficient perfusion rate was 20 ml/min with a perfusate temperature of 22°C (Tables 1 and 2 ). Under these experimental conditions the energy required to penetrate a 5 mm long plaque was 12 W at the tip of the optic fibre and the exposure duration 30 s, the energy density being 36 000 J/cm2 (Fig. 2) . Three firings of 480 J each were necessary totally to penetrate plaques 20 mm long. The diameter of the hole at the entry of the tunnel was 2 mm and 1 mm at the other end. No effect could be obtained when laser emission was used in bursts. Five centimetres of occluded amputated limb arteries were cleared with nine successive firings of 600 J each.
EFFECT ON THE ARTERIAL WALL
Only three perforations of the arterial wall occurred. In these cases the optic fibre had been inserted into the arterial lumen without maintaining coaxial position with the inflated balloon catheter. When the coaxial position was maintained no damage to the arterial wall occurred, and no leak of contrast medium was seen at repeat angiography during recanalisation of the amputated limb arteries (Fig. 3) .
Neither clots nor debris appeared to be retained on the micropore filter from the perfusion effluent after laser exposure.
HISTOLOGICAL FINDINGS
No matter which haemoglobin concentration was used, histological examination showed thermal injury, fissures, retraction, and dissection of the atherosclerotic plaques. With a saline perfusion, the fracture of the lesion was insufficient to create a viable pathway. Using the 15 g/dl haemoglobin concentration the vascular wall thickness suffered thermal injury, but no perforation occurred. No perforation of the vascular wall occurred with saline and the 3 g/dl haemoglobin perfusate but only slight thermal injury to the wall.
Discussion
Laser energy carried by optic fibres appears to be an efficient method of improving perfusion through obstructed arteries. This was shown by perforations consistently obtained on atherosclerotic plaques or thrombi.
The diameter of the holes at the entry of the tunnel and at the other end were large enough appreciably to improve arterial perfusion. This was demonstrated by control angiograms, which showed satisfactory penetration of obstructed popliteal and tibial arteries from amputed limbs.
Maximum efficacy was observed when lasing was used with a diluted blood perfusion of 3 g/dl haemoglobin concentration. This may be due to the fact that with saline the laser beam was not absorbed by the white and yellow coloured plaque. With blood, the absorption of the laser beam was likely to be too high at the entry of the plaque, thus preventing the beam from penetrating into the atheroma. With diluted blood, the absorption of the laser beam was sufficient to allow perforation to occur and the plaque to be entirely penetrated, since more residual energy was available.
The rate of perfusion also played a role in the efficacy of vaporising the atheroma, since a high rate of perfusion prevented thermal injury. By contrast, a low rate of perfusion permitted blood to absorb the laser radiation to too great an extent. Consequently, insufficient laser energy was available and thermal injury to the plaque did not occur.
An adequate rate of perfusion was required to prevent the arterial wall from being injured by the laser beam since the circulating fluid acts by cooling the artery. The arterial wall was protected by the coaxial position of the tip of the optic fibre in the centre of the arterial lumen since the inflated balloon kept the fibre tip at a distance from the arterial wall.
Laser treatment was effective only with continuous emission when the duration was long enough to create thermal injury to the obstruction. By contrast, when bursts were used cooling occurred during the emission intervals leading to a ineffective response.
The safety of the procedure was shown by the fact that no debris was retained on the micropore filters; thus no distal embolisation is likely to occur. This agrees with the findings of Choy et al who observed total vaporisation without debris then thrombi were subjected to laser emission.3
Finally, since the optic fibre that was used in our experiments was very thin and flexible it could be inserted into all available balloon catheters including those commonly used for peripheral artery angioplasty and specifically those used for coronary angioplasty. The 
